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Superconducting nanowire single photon detectors (SNSPDs) are typically used as single-mode-fiber-coupled single-
pixel detectors, but large area detectors are increasingly critical for applications ranging from microscopy to free-space
quantum communications. Here, we explore changes in the rising edge of the readout pulse for large-area SNSPDs as
a function of the bias current, optical spot size on the detector, and number of photons per pulse. We observe a bimodal
distribution of rise times and show that the probability of a slow rise time increases in the limit of large spot sizes and
small photon number. In the limit of low bias currents, the dark-count readout pulse is most similar to the combined
large spot size and small-photon-number bright-count readout pulse. These results are consistent with a simple model
of traveling microwave modes excited by single photons incident at varying positions along the length of the nanowire.
Superconducting nanowire single photon detectors
(SNSPDs) have become increasingly relevant to quantum
networking2–6 and quantum sensing7,8 because they offer
high-speed, high-quantum-efficiency, and low-dark-count-
rate single photon detection9,10. Readout pulse analysis
has been used to provide spatially resolved detection in a
single channel SNSPD11, model geometric variations in
device design12, provide few-photon number resolution13–15,
and design impedance matched circuits15 for large-area
SNSPDs16. In parallel with these device developments, a
growing demand has emerged for large-area SNSPDs capable
of providing high collection efficiency for applications
ranging from microscopy to satellite communications11,17–19.
However, the signals produced by large-area SNSPDs are not
always directly comparable to those produced by single-mode
SNSPDs. A fundamental understanding of the waveforms
produced by large-area SNSPDs is therefore essential to
future progress in these fields.
In current large-area SNSPDs, the kinetic inductance (pro-
portional to the nanowire length) can be over an order of mag-
nitude larger than that of a single-mode SNSPD16, leading
to poor impedance matching using traditional electronics and
thus a decreased maximal count rate20, and increased detec-
tor reset time21. The increased nanowire length also increases
the signal propagation delay. A 2 mm long nanowire has a
propagation delay on the order of the hot-spot formation time
of 200 ps12,22. Together, the increased kinetic inductance and
propagation delay of large-area SNSPDs must be considered
when designing these devices and characterizing and model-
ing the waveforms of the microwave modes in their long me-
ander lines12.
Here, we use high-speed signal analysis to characterize the
waveforms generated by large-active-area (30µm x 30µm)
SNSPDs optimized for visible photon detection and integrated
with low-noise cryogenic and room temperature amplifiers. A
general schematic of the experiment is shown in Fig. 1. The
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rising edge of the readout pulse is characterized as a function
of photon number per pulse (µ), bias current, and spot size
on the detector. SNSPDs are not generally used for µ > 1
because they do not typically provide photon number resolu-
tion. Similarly, they are typically operated at a bias current
that produces of order 1-10 dark counts per second. However,
characterizing the changes in readout waveforms for large µ
and large bias currents helps to generate a basic understanding
of the waveforms acquired for typical single-photon counting
operating parameters. Additionally, varying the spot size on
the detector allows us to explore spatial variations in the read-
out waveforms that do not appear in smaller single-mode de-
tectors.
The detectors were cooled to 2.25K and held at a constant
bias current of 6.50µA, where the detectors have a dark-count
rate of 2-4/s. Dark-count waveforms were subsequently ac-
quired for bias currents of 6.50µA to 9.68µA, corresponding
to dark-count rates spanning six orders of magnitude. The at-
tenuated second harmonic of a Ti:sapphire oscillator with a 2
ps pulse duration, 400 nm wavelength, and 1 MHz rep rate
was used as the light source for all experiments. Mean photon
number per pulse was varied from µ = 0.01 to µ = 700. The
light was fiber coupled from the laser using a variety of fiber
patch cables in order to change the spot size of the light on
the SNSPD, as shown in the inset of Fig. 2b. Readout pulse
signals were collected on a 33 GHz oscilloscope. The result-
ing waveforms and histograms of the waveform rise time are
presented here.
As the optical spot size was varied, no notable changes were
observed in the signal amplitude, so we focus here on the rise-
time distribution. For small mean photon number, a bimodal
distribution exists in the histogram of rise times as shown in
Fig. 2a, with the centroids of the two modes at 0.57 ns and
1.50 ns and a 2x greater probability of measuring a rise-time
that falls in the faster mode. Larger spot sizes substantially
increase the probability of a slower rise time for a constant
photon count rate. When illuminated with a 33 µm donut
mode, the rise time is 6 times more likely to fall in the slower
mode than when illuminated with a 7 µm spot size. However,
for average photon number much larger than 1, the slow mode
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2FIG. 1. Schematic of the experiment used for collecting rise time
histograms and waveforms of the SNSPD readout pulse, using the
typical lumped element depiction of an SNSPD hotspot. Inset of the
superconducting nanowire meander line during hotspot formation.
of the bimodal distribution disappears, and the centroid of the
faster mode moves to 0.41 ns for all beam spot sizes, as shown
in Fig. 2b.
The relationship between rise time and µ becomes more
apparent in the histogram of rise times for constant 7µm spot
size and variable µ shown in Fig. 2c. Only the fast component
of the readout waveform is present for this relatively small
spot size, and for µ < 10, the rise-time distribution is inde-
pendent of µ . As µ continues to increase to 1275, the the cen-
troid of the rise-time distribution decreases from 0.57 ns to
0.40 ns and with a corresponding reduction in the full-width
half-maximum (FWHM) of the distribution from 0.18 ns to
0.06 ns.
Figure 2d illustrates the intrinsic dark-count rise-time his-
tograms for variable bias current. For bias currents of 6.5
µA and 7.48 µA (corresponding to dark-count rates of 2/s
and 100/s respectively), the bimodal distribution with cen-
troids of 0.59 ns and 1.53 ns and a ratio between the faster
and slower modes of 2 to 1 is consistent with the bright-
count rise-time histograms for small µ and large spot size
in Fig. 2a. However, as the bias current increases to 9.24
and 9.68 µA (corresponding to dark count rates of 100,000/s
and 3,000,000/s), the device moved into an electrothermal os-
cillation regime in which a hostpot periodically forms and
quenches with frequency determined by the device inductance
and load impedance22–25. In this high bias current limit, the
relative probability of the slow histogram mode climbs to 2x
that of the fast mode, and the faster of the dark-count rise-
time peaks shifts from 0.59 ns to 0.46 ns, consistent with the
change in the fast bright-count rise-time distribution with in-
creasing µ shown in Fig. 2c, though the FWHM of the faster
peak does not decrease as substantially with bias current.
While there are correlations evident between the histograms
plotted in Fig. 2, it is difficult to fully understand these cor-
relations without examining the SNSPD readout waveforms
directly. Figures 3a and b depict 100 waveforms in a digital
persistence mode acquired for 7 µm and 23 µm spot sizes and
µ = 0.01. Two notable characteristics of the waveforms are (1)
the 0.4-0.6 GHz sinusoidal modulation of the signal, and (2)
the overshoot past 0 V on average at 8.45 ns after the initial
pulse. The sinusoidal modulation can substantially increase
the rise time, an effect that occurs more frequently for larger
spot sizes.
An LTspice model26 was created to predict whether varia-
tion in the photon arrival position on the SNSPD could lead to
characteristics (1) and (2), using a lumped element depiction
of the hotspot as shown in Fig. 1. The simulated position-
dependent waveforms are shown in Figure 3d. A kinetic in-
ductance of 10 µH and square resistance of 575 Ω is assumed
based on experimental measurements of smaller devices. The
5 mm total nanowire length yields a microwave delay time
of approximately 500 ps, based on the approximate speed of
light in the nanowire of v= 0.02c12,22. Unlike the lumped el-
ement model of an SNSPD, the position of a photon incident
on the nanowire is thus simulated by varying the microwave
propagation time after initial photon absorption, with shorter
time delays closer to the readout circuit. The pulse is sim-
ulated using a 2 kΩ local resistance-per-square with a 2 ns
on-time voltage switch representing the slower hotspot forma-
tion across multiple squares in the high impedance nanowires.
The sinusoidal oscillations of characteristic (1) are found to be
0.50-0.70 GHz in the simulation, in rough agreement with the
experiment frequency and also amplitude when the impedance
of the the nanowire meander line is 300 Ω. In practice, the
FIG. 2. SNSPD rise-time histograms with mean photon number per
pulse µ = 0.01 (a) and µ = 700 (b) for varying spot size on the
detector (legend in (a)). Cross-sections of the beam profiles at the
tip of each fiber are shown in the inset of (b) with corresponding
fits. The same multimode fiber was used to generate 23µm and
33µm spots, with modified fiber incoupling resulting in a shift from
a quasi-Gaussian mode to a donut mode. (c) Bright-count rise-time
histograms for variable µ and a 7 µm spot size. (d) Intrinsic dark-
count rise-time histograms for variable bias current.
3FIG. 3. 100 waveforms of the bright count data collected in digital
persistence mode at µ = 0.01 and for spot sizes of (a) 7 µm and (b) 23
µm. (c) 100 waveforms of dark count data for the typical operating
bias current of 6.50 µA. Waveforms are inverted by the cryoampli-
fier. (d) Simulated waveforms for photons incident at 11 positions on
the nanowire defined by the microwave propagation time along the
nanowire (shorter propagation times correspond to positions closer
to the device readout).
SNSPDs were connected to a high-pass filter before going
through the amplification circuit, with a 3dB high-pass knee
at 33MHz and a 3dB low-pass knee at 1GHz. The filter and
poor impedance matching of the amplifiers with the mean-
der line lead to the characteristic (2) overshoot of 0V ranging
from 7.89-8.71 ns, in agreement with experiment. The sim-
ulated waveform is a representation of the raw SNSPD pulse
before amplification and is consistent with a combined cryo-
and room-temperature- gain of approximately 12,000.
The frequency and amplitude of the oscillations in the sim-
ulated SNSPD readout pulse vary as the incident photon po-
sition is varied from the grounded end (500 ps) to the coax
connected end (1 ps) of the nanowire delay line as shown in
Fig. 3d. At the grounded end of the nanowire, a 20-80 per-
cent rise time of 0.60 ns is observed; toward the middle of
the nanowire, the oscillation frequency increases, and the rise
time begins to slow as a forms in the rising edge; toward the
coax connected end of the of the nanowire, the oscillations
decrease in amplitude and form multiple ripples in the rising
edge of the signal, leading to slower rise times of 1.44 ns.
These modeled variations in the SNSPD rise time are quali-
tatively consistent with the measured bimodal rise-time his-
tograms for large spot sizes that illuminate the entirety of the
nanowire meander line. For the largest spot sizes, photons in-
cident near the front of the detector yield slower rise times,
while faster rise times are measured for photons incident to-
FIG. 4. 100 waveforms collected in digital persistence mode under
dark conditions at the highest bias current of 9.68 µA where elec-
trothermal fluctuations lead to 3 Mcps (a) and under bright condi-
tions with a high µ = 700, typical bias current of 6.50 µA, and a 33
µm spot size sending photons to the entire detector (b) (waveforms
are inverted by the cryoamplifier).
ward the center and back of the nanowire. The slow rise times
are negligible for the smaller spot sizes in Fig. 2a that only
illuminate the center of the device. The simulation corrob-
orates this; photons incident near the center and back of the
nanowire delay line are the fastest.
The meander line position dependence evident in the exper-
imental and modeled data can thus be understood as a result
of the roughly 500 ps propagation delay in the 5 mm long
meander line and the corresponding pulse echo that gener-
ates the 0.4-0.6 GHz sinusoidal modulation of the readout
pulse. Treating the impedance mismatched meander line as
a shorted microwave line, an oscillation frequency of 0.5 GHz
in a 5 mm meander line would lead to a microwave propaga-
tion speed of 0.017c, consistent with previous works12,22. At
the backside of the nanowire, the microwave signal can only
propagate in a single direction, but as the detection event ap-
proaches the front side of the nanowire, the signal can also
propagate backwards, leading to pulse echo interference with
the forward propagating signal. This effect results in the bi-
modal rise-time histogram for small µ , large area pulses seen
in Fig. 2a. Similarly, the bimodal dark-count rise-time his-
togram for small bias currents in Fig. 2d can be understood
as a result of roughly uniformly distributed dark count events
across the length of the meander line. The dark-count wave-
forms at low bias currents, shown in Fig. 3c, appeared nearly
identical to the large spot-size bright count waveforms. Thus,
under typical operating conditions, dark counts are not trig-
gered from a single defect in the nanowire meander line, but
instead from a random selection from a large distribution of
defects across the entire span of the detector, consistent with a
large spot size photon source and other recent experiments11.
While the LTspice simulation describes the position depen-
dence of the signal readout pulse under typical single-photon
counting operating conditions, it does not yet describe the lim-
iting cases of high bias currents when the device is exhibiting
electrothermal oscillations or of high µ where locations across
the entire device are being driven normal. In the high bias
current electrothermal oscillation regime, both modes of the
bimodal rise time distribution have smaller FWHMs (bias cur-
4rents > 7.48 µA in Fig. 2d) than under typical operating con-
ditions and the waveforms in Fig. 4a have a uniform appear-
ance. This demonstrates that the spatial dependence observed
at lower bias currents disappears as the bias current exceeds
the critical current, potentially indicating that only the weak-
est few locations are triggering in this regime. At high pho-
ton numbers and typical bias currents of 6.50µA, the device
similarly operates outside the typical single-photon counting
regime, wherein here the large number of simultaneous pho-
tons provide enough energy to drive large sections of the de-
vice normal at once. This increases the total hotspot resistance
in the nanowire, and again eliminates the spatial dependence
to the waveform as seen in the waveforms in Fig. 4b, where the
waveforms now are uniform but have a much larger amplitude
to the sinusoidal oscillations. LTSpice simulations confirm
the increase in total hotspot resistance of the device, show-
ing that increasing the hotspot resistance from 2 kΩ to 20 kΩ
increases the amplitude of the position-dependent sinusoidal
oscillations from 20% of the voltage maximum to 50% of
the voltage maximum, consistent with the experimental wave-
forms observed in Fig. 3a-b and Fig. 4b, respectively. Simu-
lations incorporating an electro-thermal model of the hotspot
formation may better predict the high bias and high µ cases of
operation where there is a combination of an increased num-
ber of hotspots, larger hotspot areas, and potential variations
in the on time dynamics that cannot be captured with a simple
switch.
To date, most research involving SNSPDs has relied on
single mode fiber-coupling or on complex multi-channel de-
vices, and thus the spatial dependence of the SNSPD wave-
form within a single meander line has remained poorly ex-
plored. As the demand for large-area SNSPDs increases for
applications ranging from microscopy to free-space quantum
communications, an exploration of spatial dependence like
that presented here is increasingly critical to improving and
optimizing device design. The experiments presented here
show that large-area SNSPDs have a position dependent read-
out signal that varies between the coax connected end and
grounded end of the detector due to pulse echos. Addition-
ally, this position dependence is evident not only in the bright
count data, but also the dark count data, indicating that dark
counts observed during typical single-photon counting oper-
ation arise from defect positions spanning the entire detector
rather than from a small number of defect sites. Improve-
ments in the position dependence reported here could lead to
methods for filtering out known dark count signals in post pro-
cessing or for spectrally resolved single photon detection for
SNSPDs incorporating diffraction gratings.
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